Movie S1. Time-lapse three-color fluorescence imaging of HeLa cells transfected with plasmids encoding R-GECO1 targeted to the nucleus (top right), G-GECO1 targeted to the cytoplasm (top left), and GEM-GECO1 to the mitochondria (bottom left). Filter specifications are provided in Table S5 . For GEM-GECO1, the ratio of blue to green fluorescence emission has been pseudocolored by using the color bar shown. (Bottom right) Image merges the three color channels, with the GEM-GECO1 emission ratio pseudocolored magenta rather than the rainbow representation used in the adjacent panel.
The TorA protein export plasmid (pTorPE) was constructed by inserting a digested DNA fragment encoding TorA-6×His-GCaMP3-SsrA into the NcoI/HindII sites of pBAD/His B (Invitrogen). The insert region was assembled by a 2-part overlap extension PCR. The 5' piece used in the overlap extension contained the DNA encoding the TorA signal peptide and was prepared by PCR amplification of E. coli strain DH10B (Invitrogen) genomic DNA with primers FW_TorA and RV_TorA. Primer FW_TorA contains a NcoI site and primer RV_TorA contains a XbaI site and a region that overlaps with primer FW_XbaI-6His1. The 3' piece used in the overlap extension was prepared by PCR amplification of the gene encoding 6×His-GCaMP3 (in vector backbone pEGFP-N1, Addgene plasmid 22692) with primers FW_XbaI_6His1 and RV_SsrA-GCaMP3. Primer RV_SsrA-GCaMP3 contains an XmaI site followed by the coding sequence for the SsrA tag and a HindIII site.
Prior to PCR amplification, a NcoI site in GCaMP3 domain was removed using the Quikchange method with primer FW_GCaMP3_c105a. The PCR fragments were purified by agarose gel electrophoresis. The full length TorA-6×His-GCaMP3-SsrA chimera was assembled by overlap extension PCR using primers FW_TorA and RV_SsrA-GCaMP3 and a template composed of a mixture of the 5' and 3' PCR fragments (1 μL each). The full-length product (approximately 1400 bp) was purified by agarose gel electrophoresis and the doubly digested product was ligated into the NcoI and HindIII sites of pBAD/His B (Invitrogen) to yield pTorPE-GCaMP3 with NcoI-TorA-XbaI-6×His-GCaMP3-XmaI-SsrA-HindIII in the multiple cloning site.
Construction of GECO gene libraries
Error-prone PCR amplifications for construction of libraries of randomly mutated genes was performed as described above. In the first two rounds of G-GECO library construction, primers FW_XbaI-6His2
and RV_GCaMP-XmaI (in which an XmaI site follows the last residue of the CaM portion of the GECO construct) were used for error-prone PCR. The resulting PCR products were digested with Xba1 and Xma1 and ligated with similarly digested pTorPE-GCaMP3. Subsequent to our observation that the SsrA tag was truncated in some of our most favorable variants, we switched to using reverse primer RV_GCaMP-Stop-HindIII in which a stop codon and a HindIII site immediately follow the last residue of the CaM. In this case, the PCR products were digested with Xba1 and HindIII and ligated into the similarly digested pTorPE vector backbone. For site-directed mutagenesis or library construction by full or partial randomization of one or more codons, either the QuikChange Multi kit (Agilent Technologies) or overlap extension PCR was employed. Following ligation, electrocompetent E. coli strain DH10B cells was transformed with the library of gene variants and cultured overnight at 37 on 10-cm Petri dishes of LB-agar supplemented with 50 μg/mL ampicillin (Sigma) and 0.0002% to 0.0008% (wt/vol) L-arabinose (Alfa Aesar). The initial B-GECO library was constructed using the QuikChange Multi kit with G-GECO1.1 as template and primers G-B_V63VILM, G-B_T223ST_Y224H and G-B_R377X_N380X.
The initial cpmApple gene library was assembled by a two-part overlap extension PCR. The 5' piece used in the overlap extension was prepared by PCR amplification with a mixture of two different forward primers (FW_XhoI-X-147mc, FW_XhoI-X-148mc) and a single reverse primer (RV_GGTGGS-mCherry). Primers FW_XhoI-X-147mc and FW_XhoI-X-148mc contains a XhoI site and primer RV_GGTGGS-mCherry contains a cp linker GGTGGS and an overlap region with primer FW_GGTGGS-mCherry. The 3' piece for use in the overlap extension was prepared by PCR amplification with using a single forward primer (FW_GGTGGS-mCherry) and a mixture of two different revers primers (RV_MluI-X 143mc and RV_MluI-X 144mc). Primer RV_MluI-X 143mc and RV_MluI-X 144mc contains an MluI site. The PCR fragments were confirmed by agarose gel electrophoresis and purified. The full-length cpmApple gene library was assembled by overlap extension PCR using an equimolar mixture of primers FW_XhoI-X-147mc, FW_XhoI-X-148mc, RV_MluI-X 143mc and RV_MluI-X 144mc together with a mixture of the 5' and 3' PCR fragments (1 μL each) as the template. The full-length product (approximately 1400 bp) was purified by agarose gel electrophoresis and the doubly digested product was ligated into the XhoI and MluI sites of a modified pTorPE-G-GECO1.1 in which a second MluI site had been first removed by QuikChange Multi procedure with primer Destroy_MluI.
Screening of GECO gene libraries
The imaging system used for library screening has previously been described in detail (18) . For libraries generated by random mutagenesis, we screened 10,000-20,000 colonies (10-20 plates of bacterial colonies) per round, typically stopping screening when a number of substantially improved variants had been identified. For libraries generated by randomization of one or more codons, we screened approximately 3-fold more colonies than the expected library diversity (e.g., 12,000 colonies for a 4,000-member library). During library screening we picked colonies that exhibited the top 0.01% to 0.1% change of fluorescence intensity (or ratio) upon application of an EGTA solution (2 mM EGTA, 30 mM Tris-HCl, pH 7.4; applied using a spray bottle that produced a fine mist). In later rounds of screening, we also picked the top 0.01% to 0.1% of colonies based only on their brightness (or ratio) prior to application of EGTA. Picked clones were individually cultured in 4 mL liquid LB medium (0.0016% L-arabinose, 200 μg/ml ampicillin) that was then shaken (250 rpm) for either 36 h at 30 °C (in earlier generations) or 22 h at 37 °C (in later generations).
Proteins extracted from the liquid cultures of the picked clones were subjected to a second stage of screening in a Safire2 fluorescence microplate reader (Tecan). Extraction of periplasmic protein from E. coli cultures was performed by a cold osmotic shock procedure. Briefly, bacterial cells were harvested by centrifugation at 13,000 g for 2 min at 4 °C and gently resuspended in 500 μL of ice-cold pH 8.0 buffer containing 30 mM Tris·Cl, 1 mM EDTA and 20% sucrose. After 5 min of gentle agitation on ice, the bacteria were again pelleted by centrifugation (9,000 g for 5 min at 4°C), resuspended in 400 μL of ice-cold 5 mM MgSO 4 , and gently agitated for 10 min on ice. Following centrifugation to pellet the intact bacteria (9,000 g for 5 min at 4°C), the supernatant (the osmotic shock fluid containing the periplasmic protein fraction) was collected. In cases where the periplasmic export efficiency was particularly low, cytoplasmic protein was extracted by suspension of the osmotic shock cell fraction in B-PER (Pierce) followed by centrifugation to pellet the cell debris.
Protein purification and in vitro spectroscopy
To purify GECOs for in vitro spectroscopic characterization, the pTorPE plasmid harboring the variant of interest was first used to transform electrocompetent E. coli DH10B cells. Following selection on LB/ampicillin (200 μg/ml), single colonies were picked and used to inoculate 4 mL LB medium (200 μg/ml ampicillin, 0.0016% L-arabinose). Bacterial cultures were shaken at 250 rpm and allowed to grow for 40 h at 30 °C. Bacteria were harvested by centrifugation (10,000 g for 5 min), resuspended in 30 mM Tris-HCl buffer (pH 7.4), lysed by French press, and clarified by centrifugation at 13,000 g for 45 mins at 4°C. Proteins were purified from the cell-free extract by Ni-NTA affinity chromatography (Agarose Bead Technologies). Purified proteins were dialyzed into either 30 mM Tris, 150 mM NaCl, pH 7.4 or 10 mM MOPS, 100 mM KCl, pH 7.2. Absorption spectra were recorded on a DU-800 UVvisible spectrophotometer (Beckman) and fluorescence spectra were recorded on either a Safire2 platereader (Tecan) or a QuantaMaster spectrofluorometer (Photon Technology International). For Standards for quantum yield determination were quinine (for B-GECO, GEX-GECO, and GEM-GECO), fluorescein (for G-GECO), and mCherry (for R-GECO). Briefly, the concentration of protein in a buffered solution (30 mM MOPS, pH 7.2, with either 10 mM EGTA or 10 mM Ca-EGTA) was adjusted such that the absorbance at the excitation wavelength was between 0.2 and 0.6. A series of dilutions of each protein solution and standard, with absorbance values ranging from 0.01 to 0.05, was prepared. The fluorescence spectra of each dilution of each standard and protein solution were recorded and the total fluorescence intensities obtained by integration. Integrated fluorescence intensity vs.
absorbance was plotted for each protein and each standard. Quantum yields were determined from the slopes (S) of each line using the equation: Φ protein = Φ standard × (S protein /S standard ).
Extinction coefficients were determined by first measuring the absorption spectrum of each GECO in Ca 2+ -free buffer (30 mM MOPs, 100 mM KCl and 10 mM EGTA at pH 7.2) and Ca 2+ -buffer (30 mM MOPS, 100 mM KCl and 10 mM Ca-EGTA at pH 7.2). The concentrations of G-GECO, GEM-GECO and GEX-GECO were determined by measuring the absorbance following alkaline denaturation and assuming ε = 44,000 M -1 cm -1 at 446 nm. For R-GECO, the protein concentration was determined by comparing the absorption peak for denatured R-GECO to that of denatured mCherry (determined to have ε = 38,000 M -1 cm -1 at 455 nm) following alkaline denaturation of both proteins.
The concentration of B-GECO was determined by BCA assay (Pierce). Extinction coefficients of each protein were calculated by dividing the peak absorbance maximum by the concentration of protein.
To determine the apparent pK a for each GECO, a series of phosphate-free buffers was prepared as follows. A solution containing 30 mM trisodium citrate and 30 mM borax was adjusted to pH 11.5 and HCl (12 M and 1M) was then added dropwise to provide solutions with pH values ranging from 11.5 to 3 in 0.5 pH unit intervals. The pH titration of Ca 2+ -free protein were performed by adding 1 μL of concentrated protein in Ca 2+ -free buffer (30 mM MOPS, 100 mM KCl, 10 mM EGTA, at pH 7.2) into 100 μL of each of the buffers described above. The pH titration of the Ca 2+ -bound protein was performed by adding 1 μL of protein in Ca 2+ containing buffer (30 mM MOPS, 100 mM KCl and 10 mM CaCl 2 , pH 7.2) into 100 μL of the pH buffers. The fluorescence of each GECO in each buffer condition was recorded using a Safire2 multiwell fluorescence platereader (Tecan).
Determination of Ca 2+ K d ' and Ca 2+ -association kinetics
Ca 2+ titrations were performed by dilution (1:100) of a concentrated protein solution into a series of buffers which were prepared by mixing Ca 2+ -saturated and Ca 2+ -free buffers (30 mM MOPS, 100 mM KCl, 10 mM EGTA, pH 7.2, either with or without 10 mM Ca 2+ ) to provide a series of solutions with free Ca 2+ concentration ranges from 0 nM to 3,900 nM at 20 °C (19) . The fluorescence intensity of protein in each solution was determined and plotted as a function of Ca 2+ concentration. Experiments were performed in triplicate and the averaged data from the three independent measurements was fit to the Hill equation.
Ca 2+ -association kinetics were determined by stopped-flow photometry on a SX20 stopped-flow spectrometer (Applied Photophysics). The GECO indicator (in 30 mM MOPs, 1 mM EGTA and 100 mM KCl) was rapidly mixed (1:1) with a series of Ca 2+ buffers that were prepared by mixing of a buffered solution (30 mM MOPs, 100 mM KCl) with different ratios of 10 mM EGTA and 10 mM Ca-EGTA. The change in the fluorescence or absorbance signal during rapid mixing provided the relaxation rate constants (k obs ) for the Ca 2+ association reaction at various Ca 2+ concentrations (from 300 nM to 1500 nM). By fitting the observed data to the equation k obs = k on × [Ca 2+ ] n + k off , the kinetic constants of Ca 2+ association k on and dissociation k off were determined.
Construction of mammalian expression plasmids.
To construct the plasmids for validation and testing of Ca 2+ indicators in HeLa cells, the gene in the pBAD vector was first PCR amplified using primers GCaMP_FW_BamH1 and GCaMP_RV_EcoR1.
For B-GECOs that contained the Ser5Pro substitution, primer Cpd_S5P_FW_BamH1 was used in place of GCaMP_FW_BamH1. PCR products were subjected to phenol/chloroform extraction followed by ethanol precipitation, then redissolved in 16 μL of deionized water. The DNA was digested with BamH1 and EcoR1 in a total volume of 20 μL and then purified by electrophoresis on a 1% agarose gel (Agarose S, Nippon Gene Co.) followed by gel extraction. Purified DNA fragments were ligated into the polylinker region of a modified pcDNA3 plasmid digested with BamH1 and EcoR1 and similarly purified. The modified pcDNA3 plasmid had been made by deleting 2224 nucleotides (including the SV40 promoter, the SV40 origin of replication, the Neomycin ORF, and the SV40 poly A region) from the original 5.4 kb pcDNA3. The ligation reaction was used for transformation of chemically competent E. coli XL10-Gold (Agilent Technologies) by heat shock at 42 for 45 s. Cells were plated on LB/agar supplemented with ampicillin and individual colonies were picked into 3 mL of LB/ampicillin following overnight incubation at 37 . Liquid cultures were shaken at 155 rpm and 37 for 12-15 h and then a small scale isolation of plasmid DNA was performed. Each gene was fully sequenced using T7_FW, F-EGFP-C, and BGH_RV primers. Once the sequence had been confirmed, E. coli XL10-Gold was again transformed with each plasmid, plated, and an individual colony was used to inoculate 150-200 mL of LB/ampicillin. Following shaking at either 37 for 12-15 h or 23 for 48 h, a large-scale plasmid purification was performed on the culture. Plasmids from large-scale purifications were stored in TE buffer and used for transfection as described below.
To construct the nucleus-targeting expression plasmids for use in multicolor imaging, a similar procedure to that described above was used. Briefly, a two-step PCR protocol was used. In the first PCR step, the GECO of interest was PCR amplified with GCaMP_RV_EcoR1 and either GCaMP_2NLS_FW1 or Cpd_2NLS_FW1 (for B-GECO). The resulting PCR product is used as the template in a second PCR amplification with GCaMP_RV_EcoR1 and Cpd_2NLS_FW2. The fulllength PCR product, which contains the gene encoding the GECO of interest, with 2 copies of the NLS sequence (DPKKKRKV) at the N-terminal end, was ligated into the BamH1 and EcoR1 sites of the modified pcDNA3 plasmid as described above.
To construct the mitochondria-targeting expression plasmid, pcDNA3-mitAT1.03 (14) was digested with BamHI and EcoRI and the plasmid backbone purified by gel electrophoresis. To prepare the insert for ligation with the cut plasmid, the GECO of interest was PCR amplified using GCaMP_RV_HindIII and either GCaMP_FW_BamH1_mito or Cpd_S5P_FW_BamH1_mito (for B-GECO). Digestion and purification of the insert DNA, followed by ligation with the digested plasmid afforded an expression vector encoding the vector of interest fused to 2 copies of the mitochondria targeting sequence of cytochrome c oxidase subunit VIII at the N-terminal end. For co-imaging of GECOs and fura-2, HeLa cells were transfected and cultured 24 h at 37 as described above. Cells were then incubated for 15 min at room temperature with 1 μM fura-2 AM and 0.5× PowerLoad concentrate (Invitrogen) in HHBSS. Cells were washed twice with HHBSS and then imaged in HHBSS with microscope settings identical to those described above. Filters are provided in Table S5 .
HeLa cell culture imaging
In Fig. 3GH , GEM-GECO1 and GEX-GECO1 ratios are expressed on the right hand axis as pCa = -log 10 [Ca 2+ ]. Ratios were converted to Ca 2+ concentrations using the equation [Ca 2+ ] = (K d ' n ×(R-R min )/(R max -R)) 1/n ; where K d ' is the apparent dissociation constant (Table S2) ; n is the Hill coefficient (Table S2) ; R is the experimental ratio; R min is the experimental ratio obtained during ionomycin/EGTA treatment; and R max is the ratio during ionomycin/Ca 2+ treatment (20) . 
Preparation and imaging of rat hippocampal neuron culture

Preparation and imaging of transgenic C. elegans
To construct the GEM-GECO1 expression plasmid, the GEM-GECO1 coding region (starting from Met36, as numbered in Fig. S2 ), was amplified using primers GCaMP_FW_Ce_BamH1 and GCaMP_RV_Ce EcoR1 and used to construct a destination vector using the Gateway system (Invitrogen). This was used to make an expression plasmid fragment by LR reaction with an entry vector containing an odr-10 promoter. Transgenic animals were constructed by microinjection of the DNA mixture (100 ng/μL podr-10::GEM-GECO1 plasmid with 100 ng/μL pbLH98, a rescuing lin-15 construct) (13) .
Imaging in C. elegans was carried out as previously described (13) , with a slight modification. A worm expressing GEM-GECO1 in the AWA neurons was put into a PDMS microfluidic chip for Ca 2+ imaging. For imaging of Ca 2+ response of AWA to odorant, diacetyl (0.02%) was diluted with the imaging buffer (50 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 0.01% gelatin, and 25 mM HEPES, pH 6.0) and perfused at the top of the worm head. Optical recordings were performed on an OLYMPUS BX53 upright compound microscope fitted with an ORCA D2 CCD camera (Hamamatsu Photonics K.K.) and an optical block containing the filters as listed in Table S5 . Fluorescence images were acquired by using HCimage software (Hamamatsu Photonics K.K.) at 1~2 frames/second with a 2×2 binning mode.
Co-imaging of R-GECO1 and a FRET-based ATP indicator
For co-imaging of Ca 2+ and ATP dynamics, HeLa cells were transfected with pcDNA3-R-GECO1 and either pcDNA3-AT1.03 or pcDNA3-mitAT1.03 (mitochondrial targeting). Cell imaging was performed with an inverted microscope (Eclipse Ti-E, Nikon) equipped with an Orca-R2 digital CCD camera (Hamamatsu Photonics K.K.), a micro-scanning stage MSS-BT110 (Chuo Precision Industrial Co.
Ltd.), and a Chamlide IC incubator system (Live Cell Instrument). The MetaMorph software package (Molecular Devices) was used for automated microscope and camera control. Cells were imaged with a 40× oil objective lens (Plan Fluor NA 1.3) and illuminated using a mercury arc lamp thorough 1% and 12.5% ND filters with a 500 ms exposure acquired every 10 s with a 2×2 binning mode for a duration of 20 min. Imaging was performed at 37 °C using a heated chamber on the microscope stage (INUG2-ONI, Tokai Hit). Interference filters used for imaging of R-GECO1 and CFP-YFP are provided in Table S5 . Prior to imaging of histamine-induced Ca 2+ and ATP dynamics, HeLa cells were washed twice with DMEM supplemented with 20 mM HEPES, 5.5 mM galactose, and 1 mM pyruvate adjusted to pH 7.3.
Construction of structural models of GECOs
Models of G-, B-, GEM-, and GEX-GECOs (Figs. S3 and S4) were constructed with initial coordinates taken from the atomic structure of Ca 2+ -bound GCaMP2 (PDB ID 3EVR) (6) . In the case of B-GECO, PyMOL (www.pymol.org) was used to substitute the GCaMP2 chromophore with the blue FP chromophore (PDB ID 1BFP) through alignment of the α-carbon atoms. The Rosetta fixed backbone design protocol was used to introduce substitutions and repack amino acid side chains for each GECO (21) . For each substitution, the residue was repacked and minimized on the fixed backbone coordinates of GCaMP2. The energy was then evaluated using Rosetta all-atom energy function.
The R-GECO1 model was constructed with initial coordinates taken from the atomic structures of mCherry (PDB ID 2H5Q) and GCaMP2. The model of the hybrid protein was generated in PyMOL by alignment of the α-carbon atoms of mCherry and the FP portion of GCaMP2. Rosetta molecular modeling software was then used to link both domains using the kinematic closure loop modeling protocol (22) . Loop residues P60 to V63 (linking M13 and the FP domain) and M300 to T303 (linking FP and calmodulin) were given full backbone and sidechain-rotamer flexibility to link both domains.
The lowest energy construct was then selected as the initial input for fixed backbone design where the substitutions unique to R-GECO were made as described for the other GECOs. Output from fixed backbone design for all GECOs was used for generation of Figs. S3 and S4 using PyMOL.
SOM text
A colony based screen for Ca 2+ -dependent fluorescence changes
To facilitate the discovery and optimization of improved GCaMP variants, we developed a system that enables us to perform an image-based screen for Ca 2+ -dependent changes of GCaMP fluorescence in colonies of E. coli. The key to this system is that the GCaMP is targeted to the E. coli periplasm (17), where the initially high concentration Ca 2+ can be experimentally depleted by treatment with a solution of the high affinity Ca 2+ -chelator, EGTA. It should be noted that screening libraries of cytoplasmic GCaMPs expressed in colonies of E. coli has two major drawbacks. The first is that the Ca 2+ concentration cannot be readily manipulated. The second is that the intracellular Ca 2+ concentration is approximately 100 nM (23), well below the 542 nM K d ' of GCaMP3 (9) . Accordingly, GCaMP-type indicators in the E. coli cytoplasm will exist almost entirely in the Ca 2+ -free state and performing directed evolution by picking the brightest colonies of E. coli would be counterproductive, as it would favor variants with increased Ca 2+ -free state brightness and correspondingly decreased dynamic range.
Picking the dimmest colonies is also counterproductive, since it is much more likely that dim fluorescence will arise due to poor expression or poor folding (an outcome that could result from many possible mutations), rather than diminished brightness of the Ca 2+ -free state relative to the Ca 2+ -bound state (the outcome of only a few rare mutations).
In designing our TorA protein export plasmid (pTorPE), we choose to start from the pBAD/His B (Invitrogen) backbone since the araB promotor provides tightly regulated L-arabinose-dependent protein expression in E. coli. GCaMP3, the most recent addition to the GCaMP-lineage (9), was used for validation experiments and as the initial template for directed evolution. The signal peptide of TMAO reductase (TorA) was chosen as the export sequence since it has previously been shown to mediate the export of GFP to the periplasm (17) . In an effort to minimize the contribution of residual cytoplasmic protein to the overall fluorescence of each colony, we introduced a C-terminal SsrA sequence (AANDENYALAA) that could induce degradation of cytoplasmic proteins by ClpXP and ClpAP (24) . During G-GECO evolution we discovered several variants that exhibited more efficient export to the periplasm but contained no mutations in the GECO domain. Some of these clones Our first proof-of-principle experiment was to spray a fine mist of a pH buffered solution of EGTA (2 mM EGTA, 30 mM Tris-HCl, pH 7.4) on a plate of E. coli colonies that had been previously transformed with pTorPE-GCaMP3 and grown on 0.0004% L-arabinose (weight/volume). Rewardingly, we observed that the fluorescence intensity of the colonies decreased by about 30% upon application of the EGTA solution. Further investigation revealed that the concentration of free Ca 2+ in our LB media was 156 μM and that application of the EGTA spray was sufficient to diminish free Ca 2+ to a concentration (~300 nM) that was below the GCaMP3 K d ' and thus shift it primarily to the Ca 2+ -free state. Having demonstrated that it was possible to experimentally-induce Ca 2+ -dependent changes in GCaMP3 fluorescence in colonies of E. coli, we set out to systematically optimize the concentration of L-arabinose present in the growth media. A series of agar plates with concentrations of L-arabinose ranging from 0.0002% to 0.0128% were prepared. E coli was transformed with pTorPE-GCaMP3 and grown on plates for 20 h at 37 °C, followed by 24 h at room temperature. A digital fluorescence image (filters information provided in Table S5 ) of each plate was acquired and then each plate was evenly and identically sprayed with an EGTA solution using a conventional fine mist sprayer. The EGTA solution was allowed to soak into the media until no drops were visible and this procedure of spraying and drying was repeated two additional times. A second digital fluorescence image was acquired and then the two images (before and after spraying) were digitally aligned and processed using Image-Pro Plus (Media Cybernetics) macros. The processing macro calculated the average fluorescence intensities of every colony in both the first (I Ca ) and the second image (I EGTA ) and exported the values to an spreadsheet where the fluorescence change (ΔI = (I Ca -I EGTA )/ I Ca ) was calculated for each colony. As shown in Fig. S8A , I Ca reached a maximum around 0.0032% L-arabinose while ΔI decreased substantially at concentrations of L-arabinose greater than 0.0016%. In addition, we observed morphological changes in some colonies at concentrations of L-arabinose greater than 0.0032%. Based on these results we used 0.0002% to 0.0008% L-arabinose for all subsequent experiments.
To ensure that the export system was working as it had had been designed to do, we performed control experiments in which either buffered solution lacking EGTA was sprayed on the plate or in which GCaMP3 was confined to the cytoplasm (Fig. S8B) . These control experiments revealed that both export to the periplasm and the application of EGTA were necessary in order to achieve a robust Ca 2+ -dependent change in fluorescence intensity. Specifically, when using the export system we obtained of ΔI values of 0.24 ± 0.044. The value ΔI was reduced to close to the level of the noise if buffer lacking EGTA was sprayed on identically treated colonies (0.019 ± 0.017) or if GCaMP3 was expressed without the TorA tag (0.038 ± 0.024).
To augment our primary colony-based screen, we sought to add a secondary screening step in which the Ca 2+ -dependent change in fluorescence of each of the top variants was assessed using protein extracted from the periplasmic fraction of E. coli that had been grown in liquid culture overnight. To test the effectiveness of this procedure, the dynamic ranges of GCaMP3 in both the periplasmic fraction (osmotic shock fluid) and the cytoplasmic fraction (B-PER (Pierce) extraction) were tested using a fluorescence microplate reader. This test revealed that the dynamic range of GCaMP3 was about 330% in osmotic shock fluid and about 180% in B-PER (Fig. S8C ). We attribute the increased dynamic range in the osmotic shock fluid to the decreased autofluorescence relative to B-PER. It should be noted that the osmotic shock fluid contains 5 mM Mg 2+ so variants with poor selectivity for Ca 2+ relative to Mg 2+ could be identified and discarded at this step. Accordingly, testing of the osmotic shock fluid was used as our secondary assay during all library screening.
Comparing the properties of GECO variants to small molecule indicators
Despite the widespread availability of genetically encoded protein-based Ca 2+ indicators, synthetic organic dye-based Ca 2+ indicators remain popular tools in live cell imaging applications (1, 19) . The ongoing popularity of dye-based Ca 2+ indicators is attributable to several factors which include: the wide selection of fluorescent hues; their high intensiometric and ratiometric signal changes; and a simple loading procedure that involves incubating tissue with a membrane-permeant form of the indicator. Disadvantages of dye-based indicators, relative to protein-based indicators, include: the lack of a straightforward method for targeting to specific subcellular localizations; a more invasive loading procedure (i.e., loading of membrane permeable dyes vs. transfection); and, obviously, the inability to create stable cell lines or transgenic animals that permanently express the indicator.
The GECO series of Ca 2+ indicators has effectively narrowed the gap, at least in terms of color selection and the signal changes, between the synthetic dye-based indicators and the genetically encoded indicators. Indeed, several of the new GECO variants have spectral properties (Table S2 ) that, ostensibly, resemble those of popular dye-based indicators. Specifically, parallels can be drawn between: the G-GECOs and fluo-3; GEX-GECO1 and fura-2; GEM-GECO1 and indo-1; and R-GECO1 and rhod-2. Fluo-3, like the G-GECOs, is a green intensiometric indicator, with a ~100× signal change (G-GECOs, ~25×) and a K d ' of ~400 nM (G-GECOs, ~600-1000 nM). One important advantage of fluor-3 relative to the G-GECOs is its relatively low pK a of ~5 (G-GECOs, ~7.2-7.6) that renders it insensitive to physiologically relevant changes in pH. Rhod-2, like R-GECO1, is a red intensiometric indicator with a ~200× signal change (R-GECO1, ~16×) and a K d ' of ~600 nM (R-GECO1, ~500 nM). Fura-2, like GEX-GECO1, exhibits excitation ratiometric green fluorescence and binds Ca 2+ with a K d ' of ~100-200 nM (GEX-GECO1, ~300 nM). One disadvantage of fura-2 relative to GEX-GECO1 is that fura-2 is excited at UV wavelengths (~340 nm and ~380 nm) whereas GEX-GEXO1 is excited in the visible range (~400 nm and ~480 nm). Of the examples provided here, the greatest similarity in terms of spectral properties is between indo-1 and GEM-GECO1. Indo-1 is an emission ratiometric indicator that emits at ~400 nm and ~480 nm (GEM-GECO1, 460 nm and 510 nm) when excited at ~350 nm (GEM-GECO1, ~400 nm), and that has a K d ' of ~250 nM (GEM-GECO1, ~340 nM).Values for synthetic dye indicators are from obtained from published literature (1, 19) and the Molecular Probes Handbook (available online at www.invitrogen.com).
Based on the comparisons provided above, it is apparent that, in terms of the range of hues and Ca 2+ affinities available, genetically encoded indicators may one day surpass synthetic indicators. One aspect that was not mentioned above were the kinetics of Ca 2+ binding and dissociation. The synthetic indicators discussed above have dissociation rate constants (k off ) that are typically 10 2 -10 4 × times faster (1) than the k off values for the GECOs (Table S3 ). While modest improvements in the kinetics of protein-based indicators are certain to be realized, it is unlikely that they could ever rival dye-based indicators in this respect. However, the slower kinetics of genetically encoded indicators do not hamper their usefulness in many typical experiments, as we have demonstrated with co-imaging of fura-2 with either G-GECO1.2 or R-GECO1 (Fig. S9) .
Ca 2+ dissociation constants and dynamic range of GECO variants
To realize maximum sensitivity, a Ca 2+ indicator should have a K d ' that is between the lowest and highest physiological Ca 2+ concentrations that are expected in a given experiment, and so the K d ' of a particular Ca 2+ indicator will dictate the type of experiments that it is best suited for (20) . The Table S1 . The numbering is consistent with that previously used for GCaMP variants that included the His-tag-containing leader sequence (9) . In the current work the leader sequence was included only for bacterial expression. For expression in cell culture and C. elegans, the leader sequence was removed such that M36 was the first residue of the protein. G-GECO1.2. All substitutions are relative to GCaMP3 (9) . Three views of each protein are provided, with substituted residues represented only once within each set of three views. The dotted line represents the linker that connects the former N-and C-terminus in the cpFP. Note that all three G-GECOs have substitutions at a residue of CaM that interacts with M13 (E430V) and a residue within the FP that interacts with the FP to CaM linker (K119I or M). G-GECO1.1 and 1.2 have a third substitution in close proximity to the M13 to FP linker (N77Y). We speculate that these substitutions conspire to subtly change the orientation of both M13 and CaM relative to the FP domain, which in turn modulates the chromophore environment such that its pK a is increased in both the Ca 2+ -free and Ca 2+ -bound states (Table S2 ). This increase in the pK a diminishes the fluorescence of the chromophore in the Ca 2+ -free state by shifting it further toward the neutral (non-fluorescent) form and away from the anionic (green fluorescent) form. (9), except those within the mApple-derived portion of R-GECO1, which are relative to mApple (11). The R377P substitution present in both B-GECO1 and GEM-GECO1 occurs in an α-helical region of CaM. In the modeled structure, the proline is in an unrealistic high-energy conformation that clashes with the adjacent residues in the α-helix. We have chosen to keep the backbone fixed for the models represented here, although it is apparent that a substantial reorganization of this region of CaM must accompany this substitution. Detailed structural characterization by X-ray crystallography will be necessary in order to fully elucidate the effect of R377P and all other substitutions on the structure and mechanism of these Ca 2+ indicators. Table S3 . Supporting Tables   Table S1 . List of all substitutions for GECOs described in this work 1 Brightness is defined as the product of ε and Φ. 2 Defined as the ratio of emission intensities for intensiometric GECOs, the ratio of emission ratios for GEM-GECO1, and the ratio of excitation ratios for GEX-GECO1, where the Ca 2+ -bound state is the numerator and the Ca 2+ -free state is the denominator. For R-GECO1, which undergoes an 11 nm blue shift when it binds Ca 2+ , the intensity at 589 nm is used for both states. The emission ratio for GEM-GECO1 is defined as (fluorescence intensity for excitation at 390 nm and emission at 455 nm)/(fluorescence intensity for excitation at 390 nm and emission at 511 nm). The excitation ratio for GEX-GECO1 is defined as (fluorescence intensity for excitation at 395 nm and emission at 512 nm)/(fluorescence intensity for excitation at 450 nm and emission at 512 nm). 3 Quantum yield of GEX-GECO1 in the Ca 2+ -bound state was measured for excitation at both 390 nm and 482 nm. 4 The brightness of GEX-GECO1 in the Ca 2+ -bound state for excitation at both 390 nm and 482 nm is provided. 5 The pK a of GEM-GECO1 and GEX-GECO1 is the pH at which the dynamic range is 50% of maximum. 
